INTRODUCTION
Erectile dysfunction (ED) is a common complication of diabetes in men. The incidence of ED in diabetic men is up to 75%, which is 3 times higher than that in nondiabetic men. 1, 2 Diabetic ED (DED) is multifactorial, including etiology, advancing age, duration of diabetes, poor glycemic control, hypertension, hyperlipidemia, sedentary lifestyle, smoking, and the presence of other diabetic complications, which have been shown to be associated with DED in a cross-sectional study. 1 Therefore, the proposed mechanisms of DED are related to vasculopathy, neuropathy, visceral adiposity, insulin resistance, and hypogonadism. 2 A more in-depth discussion of the pathophysiology is available in reviews elsewhere. 3, 4 The efficacy of oral medications such as tadalafil, vardenafil, and sildenafil, which are generally considered as first-line treatments for ED, is lower in these patients compared with nondiabetic patients. 5 Recent studies have focused on cellular therapy of DED, and each cell type has been shown to be effective in an animal study. 6 Stem cells restore impaired endothelial cell and cavernous smooth muscle cell functions in DED by secreting multiple growth factors, preventing programmed endothelial cell death, and differentiating into smooth muscle and endothelial cells. [7] [8] [9] [10] [11] Intracavernous (IC) injection of cultured adipose tissue-derived stem cells (ADSCs) has improved erectile function and increased the contents of smooth muscle and endothelial cells in a rat model of DED. 12 However, the main route of stem cell delivery, i.e., IC injection, transfers cells directly into the target site, and thus very few labeled ADSCs are found in the corpus cavernosum, which limits the therapeutic potential. 13 Hence, promoting ADSC engraftment at the target site is of critical importance.
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Hospital, School of Medicine, Nanjing University, Nanjing, China. The experiments were approved by the Institutional Animal Care and Use Subcommittee of our university. Eight Sprague-Dawley rats were randomly selected as nondiabetic controls (Control, n = 8). The other 34 rats were intraperitoneally injected with STZ to induce type-1 diabetes according to our previously published protocol. 22 Rats with serum glucose levels of >300 mg dl −1 ( 16.6 mmol l −1 ) were included in the study (28 rats in total). These rats were treated with phosphate-buffered saline (PBS) (DED, n = 8), ADSCs labeled with SPIONs (ADSCs, n = 10), and SPION-labeled ADSCs with magnetic field application (M-ADSCs, n = 10). Blood glucose levels and body weights were monitored regularly during the study. At 4 weeks after treatment, all rats underwent erectile function evaluation. The animals were then sacrificed and the penis was harvested for histology.
ADSC isolation, identification, and 5-ethynyl-2'-deoxyuridine (EdU) labeling ADSCs were isolated from paratesticular fat of all animals and cultured as described previously. 23 Surface markers were identified by flow cytometric analysis of passage 3 ADSCs. Briefly, 1 × 10 5 ADSCs were harvested and suspended in 500 µl PBS and incubated with phycoerythrin (PE)-conjugated anti-CD90 (BD Bioscience, Sparks, MD, USA), fluorescein isothiocyanate-conjugated anti-CD34 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), PE-conjugated anti-CD45 (BD Bioscience), or PE-conjugated anti-CD44 (BD Bioscience) antibodies for 15 min at room temperature while protected from light. After washing with PBS 3 times, ADSCs were analyzed using an FACSCalibur (BD Bioscience). Data were analyzed with CellQuest software (BD Biosciences). ADSCs incubated with isotype-matched fluorescent dye-conjugated IgG were used as negative controls.
For cell tracking, ADSCs were labeled with 10 µmol l −1
EdU (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions.
Prussian blue staining
Loading of SPIONs into ADSCs and the labeling efficiency were confirmed by Prussian blue staining. Briefly, passage three ADSCs were seeded in 6-well plates and cultured with ADSC medium containing SPIONs (Sigma-Aldrich, St. Louis, MO, USA) at various concentrations (0, 1, 10, 20, 50, and 100 µg Fe ml −1 ) for 24 h. After incubation, the medium was removed, and the cells were washed 3 times with PBS. Following fixation for 10 min in 4% paraformaldehyde at room temperature, the cells were incubated in a Prussian blue staining solution (1:1 mixture of 1 mol l −1 hydrochloric acid and potassium ferrocyanide [Sigma-Aldrich, St. Louis, MO, USA]) for 30 min.
Viability and proliferation of SPION-ADSCs
In vitro toxicity experiments were performed at 24 h after SPION labeling. The methods used to assess cell viability and proliferation were trypan blue exclusion (Sigma-Aldrich, St. Louis, MO, USA) and an MTT assay (KeyGEN BioTECH, Nanjing, China) following the manufacturers' instructions. SPIONs that exhibited the least cytotoxicity were used for the rest of the in vitro and in vivo experiments.
Intracellular iron determination
To quantify intracellular iron after SPION labeling, the cells (1 × 10 6 ) were lysed in 0.4% sodium hydroxide and then a 36% hydrochloric acid aqueous solution. The intracellular iron content was measured with an Atomic Absorption Spectrophotometer (AFS-820, Beijing, China) and expressed as pg of iron per cell.
In vitro and in vivo cell capture experiments
For the in vitro magnetic field attraction test, SPION-labeled ADSCs (2 × 10 5 ) were resuspended in culture medium and plated onto a 10-cm dish. A 1.3-T magnet was placed directly under the dish for 24 h according to Li et al. 24 After 24 h, cell condensation by magnetic capturing was visually examined by Prussian blue staining.
For in vivo experiments, IC transplantation of ADSCs was performed as described previously. 7, 25 All animals were anesthetized with isoflurane, and a 1.5-cm oblique incision was made to expose the penis. The corpus cavernosum was then gently cannulated using a 28-gauge needle, and each rat received an injection of either 0.5 ml PBS (Cont. and DED groups) or 1 × 10 6 ADSCs in 0.5 ml PBS (ADSC and M-ADSC groups) into the left corpus cavernosum. In M-ADSC group, the 1.3-T magnet was placed under the injection site for 30 min. Following the injection, the incision was closed in one layer with an absorbable suture.
Determination of erectile function
The intracavernous pressure (ICP) response to electric stimulation of the cavernous nerve was measured as described previously. 10 Briefly, the mean arterial pressure (MAP) and ICP were recorded by an RM6042B/C multichannel signal collection processing system (Chengdu Implement Company, Chengdu, China). The peak ICP/MAP ratio was calculated to evaluate erectile function.
Immunofluorescence
For immunofluorescence staining, tissues and sections were prepared as described previously by us. 10 Briefly, penile sections were incubated with mouse anti-alpha smooth muscle actin (α-SMA, 1:400; Abcam Inc., Cambridge, MA, USA) or anti-von Willebrand factor (vWF, 1:400; Abcam Inc., Cambridge, MA, USA) antibodies at 4°C overnight, followed by fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (Google Organisms, Wuhan, China, 1:500) for 1 h at room temperature. Then, the tissue sections were stained with Click-iT™ reaction cocktail (Invitrogen) and 4,6-diamidino-2-phenylindole (DAPI; Invitrogen). Fluorescence images were captured using a laser scanning confocal fluorescence microscope (Olympus, Williston, VT, USA).
Immunohistochemical staining
All immunohistochemical staining procedures were performed according to a previously described protocol. 10 Briefly, representative sections were incubated with 3% bovine serum albumin for 30 min at room temperature and then rabbit anti-α-SMA (1:200; Abcam Inc., Cambridge, MA, USA), rabbit anti-von Willebrand factor (vWF, 1:200; Abcam Inc., Cambridge, MA, USA), or rabbit anti-vascular endothelial growth factor (VEGF, 1:200; Santa Cruz Biotechnology) antibodies at 4°C overnight, followed by a biotinylated-conjugated secondary antibody (1:200; Boster, Wuhan, Hubei, China). Nuclei were stained with DAPI. α-SMA-, vWF-, and VEGF-stained areas within the corpus cavernosum were analyzed by Image-Pro Plus 6.0 (Media Cybernetics, Silver Spring, MD, USA). Six sections of each penile sample were analyzed, and the average results were calculated for data analysis.
Statistical analysis
All data were presented as the mean ± standard deviation. Statistical analysis was carried out by the independent Student's t-test and one-way analysis of variance followed by the Tukey-ramer test for post hoc comparisons using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). P < 0.05 was considered statistically significant.
RESULTS
General data of diabetic rats
The body weight and blood glucose levels of rats are shown in Table 1 . Among 34 rats injected with STZ, 28 rats with blood glucose higher than 300 mg dl −1 were chosen as diabetic rats. After 8 weeks, the body weights were significantly lower (P < 0.01) and blood glucose levels were significantly higher (P < 0.01) in diabetic rats than in control rats. After treatment, body weight and blood glucose levels did not change significantly.
Characterization of ADSCs
Rat ADSCs were isolated from paratesticular fat. After 6 days in culture, ADSCs exhibited a fibroblastic morphology in vitro (Figure 1a) . Flow cytometric analysis showed that most ADSCs expressed typical MSC markers, including CD90 (100.0%) and CD44 (98.9%), and had low expression of hematopoietic markers CD45 (2.13%) and CD34 (0.05%) (Figure 1b-1e) . These results indicated that the cultured cells were highly pure ADSCs.
Cellular internalization of SPIONs
The labeling efficiency and cellular uptake were analyzed by Prussian blue staining. No morphological differences were found between labeled and unlabeled cells (Figure 2a-2f) . The labeled cells displayed the typical blue color whereas unlabeled cells did not exhibit blue staining. When incubated with SPIONs (50 µg ml −1 ), almost every ADSC showed blue-stained deposits (Figure 2e) . The cell proliferation assay revealed that SPION labeling (50 µg ml −1 ) did not affect the proliferation of ADSCs compared with that of unlabeled cells (Figure 2g , P > 0.05). However, when ADSCs were incubated with a higher concentration (100 µg ml −1 ) of SPIONs, the optical density value could not be measured accurately because of excessive iron deposition. Trypan blue staining showed that the survival rate of ADSCs was 88.7 ± 6.8% when incubated with 50 µg ml were used for the following experiments.
Magnetic field attraction in vitro and in vivo
When a magnetic field (1.3 T) was applied to the bottom of the cell culture dish, a clear accumulation of SPION-labeled ADSCs was observed at the edge of the magnet, suggesting that the external magnetic field attracted SPION-labeled ADSCs (Figure 3a and 3b) . For the in vivo experiments, a magnet (1.3 T) was placed under the Figure 3c ). To explore whether SPION-labeled ADSCs moved toward the magnetic field applied at the injection site, we labeled ADSCs with EdU. As a result, the number of EdU+ ADSCs was significantly increased in the corpus cavernosum with magnetic field application compared with no application of the magnetic field (Figure 3d and 3e, P < 0.05). This result suggested that the SPION-labeled ADSCs responded to exterior magnetic fields both in vitro and in vivo.
ICP and ICP/MAP
Measurements of erectile function in rats of each experimental group are illustrated in Figure 4 . Rats in DED group had a significantly lower ICP/MAP ratio than control rats (P < 0.01). Moreover, the ICP/MAP ratio in both ADSC-treated groups was significantly higher than that of DED group (P < 0.01). In addition, M-ADSC group exhibited more improvement in erectile function than ADSC group (P < 0.05).
Fate of transplanted ADSCs in the corpus cavernosum
ADSCs were identified in the corpora cavernosa of diabetic rats at 4 weeks after IC transplantation. EdU+ ADSCs were negative for vWF and α-SMA, indicating that ADSCs did not differentiate into endothelial or smooth muscle cells ( Figure 5 ).
Effect of magnetically targeted treatment on the smooth muscle and endothelial contents of the corpus cavernosum
The contents of smooth muscle (indicated by α-SMA) and endothelium (indicated by vWF) in each experimental group are shown in Figure 6 . At 4 weeks after ADSC transplantation, the smooth muscle and endothelial contents had increased significantly compared with DED group. Moreover, M-ADSC group exhibited more improvement than ADSC group.
VEGF expression in the corpus cavernosum
To explore the paracrine mechanism of transplanted ADSCs, we examined VEGF expression in the corpus cavernosum. The results clearly indicated that VEGF signaling was disrupted in diabetic rats and VEGF expression in the corpus cavernosum was significantly increased in both ADSC-treated groups compared with DED group (Figure 7) . Moreover, the expression of VEGF in M-ADSC-treated rats was greatly increased compared with that in rats treated with ADSCs only.
DISCUSSION
Erection is a neuro-vasculo-tissular phenomenon under hormonal control, which requires the functional integrity of nitrergic nerves, endothelium, and smooth muscles in the penis. 26 However, under experimental hyperglycemic conditions, it has been demonstrated that oxidative stress contributes to neuronal, endothelial, and smooth muscle damage in diabetic animals. 23, 27, 28 In addition, in diabetic men, the smooth muscle and endothelial density in the corpus cavernosum is reduced significantly. 29 In recent years, it has become clear that cellular therapy can improve erectile function by increasing endothelial and smooth muscle contents in diabetic rats. Thus far, two clinical trials using IC injection of stem cells to treat ED have been carried out. In one study, 30 seven men with type-2 diabetes mellitus and ED were treated by an IC injection of allogeneic umbilical cord blood stem cells. Although only one patient achieved vaginal penetration during an 11-month follow-up, six of the seven patients had their morning erection restored within 3 months. In another study, 31 the authors used autologous bone marrow-derived mononuclear cells (BM-MNCs) to treat 12 men with postradical prostatectomy ED. BM-MNC injection significantly improved most of the sexual scores, and 9 of 12 patients reported successful intercourse with vaginal penetration on medication during the 12-month follow-up. These results suggest that stem cell therapy for ED is a promising approach for future clinical application.
Stem cell migration and homing after transplantation have been a hurdle in the development of regenerative therapies for disorders including ED. Some studies have employed SPIONs, which are typically used as a magnetic resonance imaging contrast agent, to label stem cells and investigate their fate after injection or to guide them to target areas by magnetic field application. 32, 33 In the current study, we demonstrated that SPIONs were effectively incorporated into ADSCs without influencing ADSC proliferation or viability in vitro. Application of an external magnetic field improved the in vivo homing efficiency of SPION-labeled ADSCs to the corpus cavernosum region in a rat model of DED. Further experiments demonstrated that magnetic field-guided SPION-labeled ADSCs contributed to an increase of smooth muscle and endothelial density in the corpus cavernosum and improvement in erectile function compared with treatment with ADSCs alone. Our study provides evidence that magnetic field-guided ADSC therapy is an efficient approach for DED therapy.
In this study, we used a type of commercially available SPION for cell labeling. Traditional SPIONs have some limitations for cell labeling, such as poor labeling efficiency 34 or cytotoxicity. 35 The particle sizes are usually 100-250 nm, which might be too large to be effectively incorporated into cells. However, our in vitro and in vivo data confirmed that our SPIONs were effectively internalized by ADSCs in the absence of any transfection agent without significantly altering the stem cell properties. In addition, they did not lead to any serious adverse reactions in vivo. These properties might be owing to the small size of our SPIONs (10 nm in diameter). It has been shown that recognition of SPIONs by macrophages and systemic clearance depends on the size of the particles, i.e., smaller particles have slower systemic clearance. 36 Notably, immobilization of SPIONs or labeled cells in the blood flow is a complicated process, which requires an external magnetic field with suitable strength. Practically, to resist Brownian and hydrodynamic forces in the blood flow, the field induction should be ≥1 T, which can be easily achieved using powerful permanent magnets based on neodymium-iron alloys. 37 Our immunofluorescence results revealed that ADSCs survived in the corpus cavernosum for at least 4 weeks, and they did not express smooth muscle or endothelial cell markers. These data showed that transplanted ADSCs might exert paracrine effects to improve erectile function in STZ-induced diabetic rats. It has been increasingly observed that transplanted MSCs might exert their therapeutic effects through secreting a variety of autocrine/paracrine factors, called the secretome, 38 or exosomes enriched with distinctive miRNA and tRNA species. 39 However, in our study, we only assessed the expression of VEGF in the corpus cavernosum. Unexpectedly, we found that local delivery of ADSCs significantly increased VEGF expression in the corpus cavernosum. Moreover, M-ADSC group appeared to exhibit higher VEGF expression. The molecular mechanisms of the therapeutic effects of ADSCs on ED should be investigated further. Our study has some limitations. First, we did not investigate exocytosis or cellular transport of SPIONs. Only one study has shown that human umbilical vein endothelial cells uptake mesoporous silica nanoparticles effectively after 13 min of incubation while all mesoporous silica nanoparticles migrate from the interior of the cells to the periphery at 37 min after incubation. 40 Interestingly, it has been demonstrated that cells exchange particles with each other through a series of cross-cell experiments. Moreover, iron oxide nanoparticle-mediated development of cellular gap junction crosstalk among cells improves the therapeutic efficacy of MSCs in myocardial infarction. 41 The molecular mechanisms of the interaction of SPIONs with stem cell biology should be investigated further. Second, we used 30 min as the magnetic attraction time, which might not be the most suitable duration. However, based on our results, brief magnetic attraction successfully facilitated ADSC homing to the corpus cavernosum region. Although this phenomenon may be a "butterfly effect" as reported by Cheng et al. 33 and Li et al. 24 who placed magnets at the target areas for 10 and 120 min, respectively, magnetic targeting improved short-term cell retention, which in turn boosted long-term engraftment.
In this study, IC transplantation of ADSCs restored the impairment of erectile function in diabetic rats. SPIONs were effectively incorporated into ADSCs without altering the stem cell properties. External magnetic field application improved the efficiency of SPION-labeled ADSC homing to the corpus cavernosum region and contributed to the improvement in erectile function compared with ADSC treatment alone. Through further elucidation of the potential mechanisms of functional and structural recovery, it appeared that paracrine effects of ADSCs played the major role in these recoveries. Our study provides evidence that magnetic field-guided ADSC therapy is an efficient approach for DED treatment.
AUTHOR CONTRIBUTIONS
LLZ, ZZ, and HSJ performed the experiment; LLZ, YC, and YTD participated in the design of the study and performed the statistical analyses. LLZ and YTD wrote the manuscript. All authors read and approved the final manuscript. 
